In this work, we collect absorption and emission spectra for Fe 2+ ions in zinc selenide (Fe:ZnSe) and identify trends from 10.5 to 300 K in absorption and from 5 to 300 K in emission. The absorption spectrum is used to determine free parameters in historical eigenvalue expansions for Fe 2+ ions in tetrahedral potentials as described by Slack, Ham, and Chrenko. Additionally, we measure the change of the fluorescence lifetime of Fe
Background
Fe:ZnSe lasers have been demonstrated in various regimes, including gain-switched [1, 2] , continuous-wave [3, 4] , and Q-switched operation [5] . Furthermore, laser output from Fe:ZnSe has been demonstrated to be broadly tunable across its fluorescence band of 3800-5000 nm [6] [7] [8] . Because of this flexibility, Fe:ZnSe is rapidly becoming an important mid-IR laser gain medium for medical, scientific, and military applications. This flexibility stems from the optical behavior of tetrahedrally coordinated Fe 2+ ions as originally explained by Low and Weger [9] . Slack, Ham, and Chrenko (SHC) [10] later extended the model of Low and Weger to include a dynamic Jahn-Teller effect and used it to explain the low temperature absorption spectra of Fe:ZnS and Fe:CdTe. In addition, SHC offered an 'alternative' assignment of the observed Fe:ZnS absorption spectrum which they considered to be unlikely at the time, but which Ham and Slack later accepted [11] . In this work, we use this model to explain the structure of a high-resolution absorption spectrum of Fe:ZnSe at 10.5 K. We create an approximation to the observed spectrum by careful consideration of transition strengths, thermal statistics, and the phonon density of states in ZnSe as calculated from inelastic neutron scattering (INS) data [12] [13] [14] .
Slack and O'Meara [15] , and later Ham and Slack [11] , applied this model to the low temperature emission spectrum of Fe:ZnS. In this work, we use this model to explain the structure of a high-resolution emission spectrum of Fe:ZnSe at 5 K. We show that our assignment of the absorption spectrum of Fe:ZnSe is consistent with the observed emission spectrum. In addition to the low temperature spectra, we present high-resolution absorption and emission spectra of Fe:ZnSe, from 10 to 300 K and 5-225 K respectively.
Several authors have investigated the temperature dependence of the fluorescence lifetime of Fe 2+ ions in ZnSe grown from melt [1, 16, 17] and observed a maximum lifetime of approximately 105 μs near 120 K. However, Myoung et al. have observed the maximum lifetime of Fe 2+ ions doped by diffusion into CVD-grown polycrystalline ZnSe to be approximately 60 μs at 100 K. To date, the large difference between these observations has not been explained, though it has been hypothesized that the difference is due to fact that Myoung's material was doped by post-growth diffusion rather than grown from melt. In this work, we further investigate the optical behavior of Fe:ZnSe samples prepared by diffusion, including measurement of the fluorescence lifetime of the Fe 2+ ions. We confirm the result of Myoung et al.
and we develop a model that explains the differences observed between Fe:ZnSe crystals, which we attribute to dopant concentration.
Theory
Iron atoms substitute for the group II atom when they are doped into the matrix of II-VI crystals such as ZnSe. They take on the 2+ ionization state and their electronic configuration becomes d 6 . This configuration gives rise to term symbols which are, in descending order of energy (by Hund's rules), D F G I S D F G H P , , , , , , , ,
with Δ = 10Dq and λ as parameters and with σ λ Δ = / .
1 From the expressions for the eigenvalues of the system we can generate the energy level diagram as seen in Fig. 1 . Both Udo et al. and SHC performed calculations of the electric dipole moment of each γ Γ ↔ n m transition using approximate wavefunctions for the Fe 2+ ion in a tetrahedral potential. From this calculation, they generate the selection rules for these transitions as well as their relative transition dipole moments. The allowed transitions are shown in Fig. 2 . From this calculation, we expect nineteen distinct transition lines to be observed in the absorption and emission spectra of Fe:ZnSe at low temperatures. However, as will be shown later, the eigenenergies and dipole moments calculated for the spin-orbit model fail to account for the structure of the observed absorption spectrum of Fe:ZnS (see [10] ) and Fe:ZnSe. SHC have shown that the aforementioned failure of the spin-orbit model to describe the observed absorption spectrum of Fe:ZnS can be explained by the dynamic Jahn-Teller (DJT) effect [10] . This effect has been simulated by other researchers [11, 23, 24] , and plays a significant role in determining the structure observed in the absorption spectrum of Fe:ZnSe. The DJT effect dramatically increases the coupling of the electronic Hamiltonian of the Fe 2+ ion to the vibrational Hamiltonian of the crystal host. The result of this coupling is spin-orbit quenching, which is characterized by a reduction in the energy separation between the Γ m levels. In addition to this increased electron-phonon coupling, the DJT effect induces a substantial modification of the dipole moments of the electronic transitions. Quantitatively, these effects can be observed in several ways. First, spin-orbit interactions are quenched such that ζ ζ ζQ → ′ = and transition is shown as a dashed line because its oscillator strength is zero according to Udo [22] . 1 Note that an equivalent expansion was performed by SHC [10] , who used different parameters ζ μ , , and ρ which are related to Δ and λ by the relations ζ λ λ Δ = − + 2 / 2 ,
, where Q 0 ≤ ≤ 1 and W 0 ≤ ≤ 1 (see [10] ). Second, the transition dipole moments are drastically lowered and modified by parameters x and y as given in Table 1 (see [10] ). Van Vleck has noted that the drastic lowering of the transition dipole moment is itself quenched by the spin-orbit interaction for transitions to and from J′ = 1 states (e.g. Γ 5 ) [25] . Third, the DJT effect dramatically increases the coupling of the electronic Hamiltonian of the Fe 2+ ion to the vibration of the crystal host. Thus each of the Γ and γ sublevels becomes the ground state of a multidimensional harmonic oscillator whose 'rungs' are integer multiples of the phonon energies of the crystal host. Thus the DJT coupling leads to the creation of many vibronic levels in the T 5 2 and E 5 manifolds, which are evident in the absorption and emission spectra respectively (see Sections 3 and 4).
Absorption spectroscopy
A Nicolet 6700 series Fourier transform infrared spectrometer (FTIR) was used to collect the absorption spectrum of a sample of Fe:ZnSe with a thickness of 1.6 mm. This CVD-grown ZnSe sample was diffusion-doped with Fe 2+ ions to a concentration of approximately 4.6×10 18 cm −3 by IPG Photonics [26] . An ARS Cryo cryostat was used to provide control of the temperature of the sample from 10.5 to 300 K. The cryostat used CaF 2 windows, which allowed transmission of mid-IR radiation. Fig. 3 shows the absorption spectrum of the sample from 14 K to 300 K. Note that the absorption spectrum contains well-defined linefeatures which gradually broaden as the temperature of the sample increases. Fig. 4 shows the absorption spectrum taken at 10.5 K; the spectrum contains four sharp zero-phonon lines near 2700 cm −1 which correspond to transitions which are purely electronic, with no coupling to the lattice vibrations of the ZnSe host. We will show in the discussion which follows that much of the remaining structure is attributable to phonon-assisted transitions, which are broadened by phonon dispersion. These phonon-assisted transitions dominate the absorption spectra at T > 30 K.
Discussion
From the measured spectra we determine values for Δ λ σ Q , , , , and W. We assume the following assignments for the transition energies corresponding to zero-phonon lines in the 10.5 K absorption spectrum: [10] . The values have been calculated averaging over the degeneracies in γ levels and adding over them for Γ levels. We have introduced β to describe the salient reduction of Van Vleck [25] , which affects transitions to and from J′ ≠ 1 states. 
The absorption coefficients corresponding to the allowed transitions are 
where σ nm is the absorption cross-section, N n is the fractional occupancy of the n th lower level, g Γ m is the degeneracy of the m th upper level, g γ n is the degeneracy of the n th lower level, μ nm 2 is the transition moment, l ν ν ( − ) nm is the lineshape function, and the exponential term is the familiar Boltzmann expression which describes the thermal occupancy of the γ n level relative to the γ 1 ground level. Note that, in the third line, we have used g = 1
If we suppose that DJT effects are not present in Fe:ZnSe, we can use the model of Udo [22] to describe the absorption spectrum. From Eqs. (3a) and (3b), we can generate four solution sets for Δ λ , , and σ λ Δ = / . Only one of these solutions predicts lines which sensibly match the absorption spectrum of (2)) and their relative absorption coefficients by Eq. 4. The degeneracy of each state is supplied by the model of Low and Weger [9] and the transition dipole moments by Udo et al. [22] .
The model predicts three series of lines within the absorption spectrum of Fe:ZnSe as shown in Fig. 5a . The predictions of the model are seen to be only loosely consistent with the recorded absorption data. The transition energies of the zero-phonon lines are reasonably well matched, but their corresponding relative absorption coefficients exhibit poor agreement with the measured spectrum. Some additional lines are observed in the spectrum, but their energies and intensities are not well matched by the predictions of the model. Note the absence of the γ Γ → ′ 4 4 line, which is predicted to be dominant, from the collected spectrum.
If we suppose that DJT effects are strongly present in Fe:ZnSe, we can use a modified version of the model of SHC [10] to describe the absorption spectrum. From Eqs. (3a) and (3c)-(3f), we can generate four solution sets for Δ λ σ Q , , , , and W. Again, only one of these predicts lines which sensibly match the absorption spectrum of , Q=0.3784, W=0.6617, and σ = 0.0359. 2 Here we used the transition dipole moments modified from SHC as shown in Table 1 where we have used x y = − 0.25, = 1, and β = 0.052. 48.5 ± 0.1 2 We have used σ as a free parameter to allow the inclusion of a fifth feature from the absorption data. Note that the returned value is within 1% of the constrained value σ λ Δ = / = 0.0355. 3 SHC include x and y to describe a modification of the transition moments involving Γ 4 and Γ 5 levels by the DJT effect as shown in Table 1 . They give exact expressions for x and y in the limit that ζ is on the order of ρ (see Footnote 1), but we note that, for our parameterization, ζ ρ ⪢ . Consequently, we have treated x and y as free parameters for simplicity and to adjust the relative intensities of the predicted features to match the absorption data.
This model predicts one primary line-series of zero-phonon lines with two highly quenched series at slightly higher energies within the absorption spectrum as shown in Fig. 5b . This model is consistent with the 'alternative' assignment of the transition energies to the absorption spectrum of Fe:ZnS mentioned by SHC [10] , which is characterized by a value of λ which is a significant fraction of Δ and places the energies of transitions to J′ ≠ 1 levels at hundreds of cm −1 greater than the primary series. Still, our determination of the transition energies and the corresponding relative absorption coefficients does not explain all the features in the observed absorption spectrum of Fe:ZnSe at 10.5 K. We attribute the structure at energies > 3000 cm −1 to transitions from the electronic levels in the E 5 manifold to vibronic energy levels in the T 5 2 manifold. To test this hypothesis, we extended our approximation of the absorption spectrum to include a vibrational component by convolution of the delta-like electronic transitions of Fig. 5b with the phonon density-of-states (PDOS) shown in Fig. 6 . This curve was obtained by linear combination of the PDOS curves determined from inelastic neutron scattering (INS) data by Hennion [12] and Basak [13] . Multi-phonon contributions were roughly approximated by convolution with a 2×, 3×, and 4× energy scaling of the PDOS data. Clearly, some of the structure is not accounted for, but the slight disparities are reasonably attributable to the difference between the idealized PDOS for room-temperature single-crystal ZnSe and the real PDOS in our sample of polycrystalline Fe:ZnSe at 10.5 K with disorder introduced by crystal defects, Fe 2+ impurities, and nonuniform strain imparted by its polycrystalline nature. We attribute the difference between the measured spectrum and the calculated spectrum at energies >3000 cm −1 to two-mode mixing of phonons via the Jahn-Teller effect (see Fig. 5 of [24] ). The agreement between the convolution and the measured absorption spectrum confirms that the basic picture we have developed of the distribution of states in the T 5 2 manifold is essentially correct. The success of this calculation to approximate the observed absorption spectrum at 10.5 K suggests that transitions assisted by multiple phonons play a significant role in determining the absorption spectrum of Fe:ZnSe, especially at higher temperatures. In Fig. 3 , the structure at energies >3000 cm −1 in the low-temperature absorption spectra is due to transitions involving the vibronic levels of the T 5 2 manifold and the structure at energies <2700 cm −1 is due to transitions involving the vibronic levels of the E 5 manifold. Such transitions become more probable with increasing temperature as the population of the vibronic levels of the E 5 manifold increases. The result is that the absorption spectrum broadens into a featureless continuum dominated by transitions which involve vibronic levels in both manifolds as shown in Fig. 3. 
Section summary
In summary, we have seen that the absorption spectrum of Fe 2+ ions in ZnSe changes drastically with sample temperature. We have shown that the model considered in the previous section qualitatively describes the optical behavior of Fe 2+ ions in ZnSe. Furthermore, we observe that the transitions which do not terminate in the Γ 5 level are predicted by the spin-orbit model to be an order of magnitude stronger and at greater energies than observed, which suggests that spin-orbit quenching greatly reduces the dipole moment of such transitions, consistent with the DJT model of SHC [10] and the salient reduction of Van Vleck [25] .
Fluorescence spectroscopy
A Cryo Industries of America (CIA) cryostat with CaF 2 windows was used to control the temperature of a 2 × 6 × 8 mm 3 sample of Fe:ZnSe.
The CVD-grown ZnSe sample was diffusion-doped with Fe 2+ ions to a concentration of approximately 8.6 × 10 cm 18 −3 by IPG Photonics [26] .
The cryostat was used in conjunction with a Spectra-Pro 750 monochromator from Acton Research Co. to collect laser-induced fluorescence (LIF) spectra from 5 to 225 K as shown in Fig. 8 . The sample was pumped using a Sheaumann MIR-PAC laser operating in the continuous-wave mode on the 2937 nm transition wavelength of Er:YAG. The chopped beam had approximately 200 mW of pump power at the sample.
Recall that, in the T . So, at thermal equilibrium, the population of the upper levels of the T 5 2 manifold will have essentially zero population and only transitions out of the Γ 5 level are expected in the emission spectrum. Fig. 9 shows the LIF spectrum of the sample at 5 K. Note the approximate reciprocity of the emission spectrum with the absorption spectrum of Fig. 4 with strong emission on the same line series: 2691, 2709, 2721, and 2737 cm −1 . Thus, these emission lines are clearly
transitions. Fig. 10 shows temperature-dependent LIF spectra of Fe:ZnSe recorded from 7.7 K to 220 K. Low-temperature data show clear phonon assisted transition lines near 2500 cm −1 which are absent at temperatures greater than 30 K. For temperatures greater than 100 K, the effect of thermally activated non-radiative quenching (NRQ) can be clearly seen as a decrease in the fluorescence per solid angle. Note that with every increase in the temperature of the sample, the peak of the Pekarian envelope is red-shifted slightly and the intensity can be seen to decrease for all wavelengths.
Lifetime measurements
Adams [1] , Deloach et al. [16] , and Jelínková et al. [17] have reported the lifetime of melt-grown Fe:ZnSe to approach 105 μs near 120 K (see Fig. 11 ). 6 
to the average pulse response of Fe:ZnSe. Datasets were collected from 5 K to 305 K in 15 K increments (see Table 2 (a)). The temperaturedependent lifetime of Fe:ZnSe as measured by several authors is shown in Fig. 11 . The value of the fluorescence lifetime should be independent of wavelength if all the active ions in the sample are in thermal equilibrium. The decay trace of Fe:ZnSe at 5 K was recorded for the fluorescence peaks of Fig. 9 . ZnSe as measured at these emission wavelengths. The data imply that the active population maintains thermal equilibrium throughout the decay process, implying that energy exchange between Fe 2+ ions occurs at rates faster than the spontaneous decay. (Fig. 5b) of Fe:ZnSe with PDOS data (Fig. 6) . The inset shows the highlighted region in additional detail. Fig. 9 . The LIF of Fe:ZnSe at 5 K. The InSb detector was allowed to saturate to show the structure of weaker transitions. Thus, the intensity of the Γ γ → 5 5 feature is suppressed. The monochromator resolution was < 1 nm. Fig. 10 . Uncorrected temperature-dependent LIF spectra of Fe:ZnSe. The fluorescence efficiency is proportional to the integrated intensity of each curve, so we note that the radiative efficiency decreases with increasing temperature above 100 K. The valley near 2350 cm −1 is due to absorption by atmospheric CO 2 . 5 In this convolution, we also included a Lorentzian lineshape function centered at 0cm −1 to impart finite spectral width to the electronic transitions. 6 For the remainder of this article, we will treat Adams' data as representative of the melt-grown material, since it is more complete.
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Discussion
The Mott-Seitz model is the standard description of the temperature dependence of the fluorescence lifetime of optically active ions [28, 29] . It describes the reduction of the fluorescence lifetime of these ions in terms of a purely radiative decay process competing with a thermallyactivated non-radiative process. The observed fluorescence lifetime τ obs of the ion depends on the relative probabilities that an excited ion will relax by each of these two processes. The total lifetime can be written 
where τ rad is the lifetime of the ion due to spontaneous radiative decay only, η is the fluorescence efficiency of the aggregate decay process, A r is the probability of radiative decay, A nr is the probability of nonradiative decay, and the exponential term is the familiar statistical term of Boltzmann with an activation energy E. This expression can be rewritten
and the parameters τ rad , C, and E can be fit to match thermally-resolved lifetime data. However, the Mott-Seitz model is not an adequate fit to the data collected for Fe:ZnSe, which exhibits an increasing trend with respect to temperature (at T < 100 K) that cannot be accommodated by this model. The non-radiative quenching term used in this model is also inadequate to describe trends in the temperature dependent lifetime of the Fe 2+ ion in ZnSe. Consequently we have developed a new model which incorporates energy transfer and multi-phonon cascade statistics to describe the radiative and non-radiative decay processes respectively. Eq. (7) can be recast in terms of related rates:
So written, it is clear that the Mott-Seitz model includes a radiative term and a non-radiative term.
In the Appendix, we derive an expression for W rad which includes two terms which together describe the net effect of energy transfer mechanisms on the radiative lifetime of the upper manifold. In the first term, W 1 represents the combined rate of spontaneous decay and nonradiative energy transfer affecting lower energy levels in the T 5 2 manifold. In the second term, W 2 represents the combined rate of spontaneous decay and fluorescent re-absorption (with re-emission) affecting higher energy levels in the T 5 2 manifold. Energy exchange through the lattice allows the levels within the manifold to maintain thermal equilibrium. Thus, the observed decay is single-exponential and can be expressed as
each of the parameters is defined in the Appendix. We also replace the non-radiative term in Eq. 7 with the Miyakawa-Dexter expression for non-radiative quenching due to multi-phonon cascade [30] to obtain,
and where k b is Boltzmann's constant, e is Euler's constant, A is a coupling constant for the non-radiative term, M is an effective mass, and hν E p = / eff is the effective phonon energy required for p phonons to bridge the energy gap E between the energy levels involved in the optical transition.
Using this approach we can construct a model for the fluorescence lifetime τ W = 1/ total total that includes both non-radiative quenching and thermal statistics:
We eliminated ν eff as a fit parameter by recasting it in terms of p and using the approximation that E Δ ≈ = 2852 cm −1
. Thus, hν Δp = / eff . Thus, we obtain a model that includes seven fit parameters:
and G G / . 2 1 Table 3 shows the modeled values of these parameters as fit to the data of Adams et al. [1] , Myoung et al. [27] , and this work.
Analysis
The fit of the model represented in Table 3 to the lifetime data is excellent (see Fig. 12 ). The 90% confidence intervals are small and the increase of the radiative lifetime as T approaches 100 K is nicely accommodated. Thus, we conclude that our model accurately describes the increase observed in the fluorescence lifetime with increasing temperatures for T < 100 K. We attribute this increase to the fact that the upper levels in the T 5 2 manifold become more densely populated with increasing temperature, increasing the spectral overlap of absorp- tion and emission, and thereby increasing the rate of the absorption of fluorescence and subsequent re-emission. The decrease in lifetime for T > 100 K is confirmed to be due to NRQ. We also note that the effective phonon energy hν E p = / eff is approximately 160-175 cm . This range is consistent with the phonon density distributions reported by Hennion [12] , Rajput [14] , and Basak [13] , p, and S are virtually unchanged from sample to sample. However, the value of τ 1 decreases with increasing concentration, indicating that the rate of NRET increases with concentration. Similarly, the value of τ 2 increases with increasing dopant concentration, indicating that the rate of fluorescent re-absorption also increases with concentration. The relative degeneracy factor G G / 2 1 also increases with concentration and the value of E Δ is also sampledependent, but the physical interpretation of these trends in not obvious. The primary difference between the datasets is the Fe 2+ dopant concentration of the corresponding sample, so we conclude that the lifetime trend is determined primarily by the concentration of Fe 2+ ions. From the data of Adams et al., we see that concentration effects dominate the spontaneous decay process at elevated Fe 2+ concentrations.
Section summary
In summary, we have measured the fluorescence lifetime of Fe:ZnSe from 5 to 300 K. Our results are similar to the results of Myoung et al. [27] . Additionally, we have constructed a model which accurately describes previously ignored effects which determine the temperature dependence of the fluorescence lifetime of Fe:ZnSe. This model suggests that the Fe 2+ concentration of the individual samples is responsible for the differences in total lifetime trends observed by Adams [1] , Deloach et al. [16] , and Jelínková et al. [17] (τ > 100 μs max ) on one hand and by Myoung et al. [27] and in this work (τ < 70 μs max ) on the other. The model also provides strong evidence that multi-phonon NRQ is responsible for the reduction of the fluorescence lifetime at temperatures >100 K.
Conclusions and future work
In conclusion, we have recorded absorption and emission spectra of CVD-grown ZnSe diffusion-doped with Fe 2+ ions over a broad range of temperatures. We have directly observed sharp zero-phonon lines at 2691, 2709, 2721, and 2737 cm −1 in the low-temperature absorption and emission spectra and have assigned them to the γ Γ ↔ transitions respectively. We have augmented the parameterization of SHC and described the structure observed in the 10.5 K absorption spectrum in terms of allowed electronic transitions assisted by multiple phonons. Furthermore, we have shown that multiphonon transitions play a significant role in determining the shape of the absorption spectrum of Fe:ZnSe.
We have measured the fluorescence lifetime of Fe:ZnSe with respect to temperature and confirmed that its temperature dependence is sensitive to the dopant concentration of the sample. Spectrally-resolved measurements of the lifetime were taken and were found to be consistent with an upper state manifold in thermal equilibrium during the decay process. We constructed a model which well explains thermal trends in the fluorescence lifetime. The model fits the drastically different datasets for Fe:ZnSe recorded by multiple authors. From this model, we confirm that thermally activated multi-phonon quenching is responsible for the reduction in the fluorescence efficiency of Fe:ZnSe and we show that the observed increase in lifetime with temperature in the 0-100 K range is a Fe 2+ concentration effect.
Future efforts will proceed along two parallel fronts. First, the measurements and analyses of this work will be repeated across other crystal hosts for Fe 2+ ions such as ZnS and CdMnTe. Second, we will further investigate the role of the Fe 2+ dopant concentration in determining the observed fluorescence lifetime of Fe:ZnSe. An upcoming publication will present our study of concentration-activated energy transfer processes in Fe:ZnSe. The results of each study will be discussed in the context of engineering Fe:II-VI materials for use as gain media in mid-IR laser sources. Here, we will develop a description of the T 5 2 manifold in which the low-energy population experiences non-radiative energy transfer (NRET) between Fe 2+ ions and the higher-energy population experiences significant re-absorption (with subsequent re-emission) of fluorescent radiation.
NRET will shorten the observed lifetime from its intrinsic value and re-absorption will lengthen it. 7 The average relaxation rate of the T 5 2 manifold is the simply the weighted sum of the relaxation rates of each of its sublevels
rad n M n n =1 (13) where the total population is N N = ∑ n n and M is the total number of sublevels. For simplicity, we treat the manifold as consisting of two energy nondegenerate meta-levels. Level 1 has a population N 1 and undergoes NRET with some probability P 1 . Level 2 has a population N 2 and undergoes re-absorption with some probability P 2 (we assume 100% re-emission).
It is useful to define a parameter that describes the partitioning of the manifold into these two meta-levels. The ratio of the degeneracies G 1 and G 2 of the meta-levels is 
where M is the total number of sublevels in the manifold and g n is the degereneracy factor of the n th level. However, this partitioning of the manifold is arbitrary, so G G / 2 1 can be treated as a fit parameter. 8 We introduce thermal statistics by noting that the fractional population distribution is described by 
where E Δ is the separation of the two meta-levels. Substituting Eq. 16 into Eq. 13, we find 
